product of which they are a part.
The present study was initiated to gain a better understandin lung tissue compared to crocidolite asbestos demonstrate the ing of the role of biopersistence in pulmonary toxicity of relatively low biological persistence of some MMVFs in the lung fibers. Biopersistence of four different compositions of comand may explain why these MMVFs are not tumorigenic in rats, mercial MMVFs was compared to that of crocidolite asbeseven after chronic exposure at high concentrations. ᭧ 1996 tos. Inhalation was chosen as the method of exposure be-
Society of Toxicology
cause that is the human exposure route. Furthermore, inhalation ensures uniform distribution of fibers in the deep lung. The four MMVF study fibers were size separated from comMan-made vitreous fibers (MMVFs) are inorganic amor-mercial insulation wools to have approximate arithmetic phous fibers made primarily from glass, rock, clay, slag, or mean dimensions of 1 1 20 mm. These dimensions were pure oxide raw materials. Glass wool, rock wool, and slag chosen to simulate workplace exposures (Hesterberg and wool fall under the major classification of insulation wool Hart, 1994; Cherrie et al., 1986; Esman, 1984) and to maximize deposition in the deep lung of rats (Morgan et al., 1 To whom reprint requests should be addressed.
1980). The crocidolite asbestos was also size separated to 267 0272-0590/96 $12.00 Copyright ᭧ 1996 by the Society of Toxicology.
All rights of reproduction in any form reserved. (Hesterberg et al., 1993) . The crocidolite aerosol target conafter size separation. MMVF 22 was supplied with an oil treatment on the centration of 10 mg/m 3 was chosen to be similar to the surface of the fiber which was not removed after size separation. Size aerosol level used in a previous chronic inhalation study separation of study fibers from bulk insulation was accomplished by aque- (McConnell et al., 1994) .
ous suspension techniques at Mountain Technical Center (MTC; Littleton, CO). The mass of each size-separated study fiber was õ5% of the original
The parameters studied included the number of fibers per mass of the insulation material from which it was derived. Crocidolite, to determine the dry weight of tissue. The dry tissue was plasma ashed in b Number of postexposure days in lung.
a LFE LTA 504 multiple chamber plasma ashing unit. The ash from each c Average number fibers/lung 1 10 6 { standard deviation; n Å 4 or 5. lobe was dispersed in distilled water and captured onto a Nuclepore filter d Not different from background. Negative control lung burdens were for SEM stub preparation. The fiber recovery procedure was validated as 0.04 { 0.08 (110 6 ) fibers ú5 mm, 0.002 { 0.007 ( 110 6 ) fibers ú10 mm, follows: A known mass of MMVF fiber was injected into an excised rat and 4 { 23 fibers ú20 mm.
lung; the mass of fibers recovered from the lung by the above process was e Number of postexposure recover days until 50% reduction in fiber/lung not significantly different from the mass injected. The lung burden (fibers/ occurred. Calculated from exponential or logarithmic decay equation (Fig. 4) . lung) was calculated based on the number of fibers with an aspect ratio ú3 f Large scatter in data resulted in poor fit in these curves.
found in 200 fields at 50001 on the SEM using WHO Monograph 4 rules g Percentage of Day 1 fibers retained in lungs after 365 days postexposure.
for counting and measuring of fibers. Fiber diameter and length were determined using the same criteria as measurements made on the aerosol samples. Lung fiber disappearance half-times (days required for half of the Day 1 fibers to clear from the lungs) were calculated from an exponential curve Fiber aerosol exposure. The test system consisted of 432 male Fischer 344/N rats (Charles River Breeding Laboratories, Raleigh, NC) randomly for the MMVFs and a logarithmic curve for crocidolite.
Scanning electron micrographs were made of fibers recovered from the divided into six groups each having 72 animals. Animals were exposed to the aerosols of filtered air for 6 hr per day for 5 consecutive days in nose-lungs of animals terminated after 91 and 182 days for comparison to the morphology of fibers from their respective aerosols. A portion of the reonly inhalation chambers to 30 mg/m 3 MMVF or to 10 mg/m 3 of crocidolite asbestos. The fiber aerosols were produced using the Research and Con-maining filters from each exposed group from the 1 hr and 91-, 266-, and 365-day terminations was carbon coated for energy dispersive spectroscopy sulting Company, Geneva (RCC) fiber aerosol generation system described previously (Hesterberg et al., 1993; Bernstein et al., 1994) . When not being (EDS) analysis using a Tracor Northern 5500 analysis unit. The first 15-20 fibers having diameters between 0.5 and 1.0 mm and lengths between exposed, the rats were housed individually in polycarbonate cages containing hardwood bedding in Hazelton 2000 chambers (LAB Products) in 5 and 15 mm encountered during examination were selected as representing
Changes in the number of fibers/lung (as fraction of Day 1) in various fiber length categories of (õ5, ú5, ú10, and ú20 mm) during recovery of rats exposed for 5 days to (A) MMVF 10, (B) MMVF 11, (C) MMVF 21, (D) MMVF 22, or (E) crocidolite asbestos. each fiber and time point for EDS analysis. Additionally, 6 fibers collected than that of the other three MMVFs. The mean lengths of from each fiber aerosol during the exposure period were analyzed by EDS the MMVFs 21 and 22 aerosols were greater than the mean to provide baseline chemistry. The chemistry of each stock fiber was ana-lengths of MMVFs 10 and 11. Due to it's smaller diameter, lyzed by inductively coupled plasma, atomic absorption, and gravimetric crocidolite total fibers/cm 3 values were more than 10-fold chemistry to provide calibration values for the EDS analysis.
greater than the MMVFs, but this difference decreased with Statistical analysis. Arithmetic mean, median, geometric mean, and standard deviation were calculated using a Videoplan computer system. increasing fiber length (Table 1) .
The Student t test was used to assess significance of differences between means at p õ 0.05. Statistica for Windows Version 4.5 was used for nonlin-Lung Burden Characterization ear regression using the quasi-Newton method for fitting data to the exponential function.
Figures 1A and 1B show surface plots of the bivariate distribution of MMVF 21 in the aerosol averaged over the RESULTS 5-day exposure (Fig. 1A ) and in the lung 1 day after the exposure was stopped (Fig. 1B) . The lung fiber distribution Aerosol Characterization is much narrower than the aerosol distribution, indicating that the lung has selected the thinner and shorter fiber subMass concentrations (mg of fibers/m 3 of air) of each of the fiber aerosols were close to target: MMVF aerosols population. This shift in size distribution from aerosol to lung fibers is also typical of the other three MMVFs. The ranged from 29 to 32 mg/m 3 , while the asbestos aerosol was 11 mg/m 3 . Aerosol fibers dimensions were similar to those change in size distribution from the crocidolite aerosol to the lung was negligible (data not shown). of the respective stock fibers prior to aerosolization (data not shown). Arithmetic mean diameter (AMD) and length After 1 day of recovery, crocidolite-exposed lungs contained more fibers in £20 mm-length categories than (AML) of the aerosolized MMVFs varied somewhat from the target dimensions of 1 1 20 mm, with AMD ranging MMVF-exposed lungs (Table 2) . This is consistent with the much thinner diameter and higher fibers/cm 3 in the crocidofrom 1.0 to 1.3 mm and AML from 15 to 27 mm. Geometric mean diameter (GMD) and length (GML) for the MMVF lite aerosol. Figures 2A-2E illustrate the differential clearance of fibers with respect to length. Disappearance of all aerosols had smaller ranges: GMD ranged from 0.9 to 1.1 mm and GML ranged from 11 to 16 mm (Table 1) . Crocido-length categories of MMVFs 10, 11, and 22 fit an exponential decay curve fairly well; r 2 Å 0.91-0.98 (Figs. 2A, 2B , and lite asbestos aerosol fibers were shorter and thinner than the MMVFs, with arithmetic mean dimensions of 0.3 1 5.7 mm. 2D). The disappearance data for the ú10 and ú20 mm MMVF 21 fibers also fit this curve well; r 2 Å 0.98-0.99 The mean diameter of the MMVF 10 aerosol was greater (Fig. 2C) . The disappearance of MMVF 21 fibers ú5 mm considerably after about 90 days. Due to the scatter in the crocidolite data at longer time points, even the fit to the and õ5 mm in length did not fit the exponential curve as well, perhaps due to the significant increase in fibers õ5 logarithmic model for fibers longer than 10 and 20 mm was relatively poor. After 365 days of recovery, most of the mm in length seen at 5, 31, and 91 days (Fig. 2E) . The best fit that could be obtained for the crocidolite retention data MMVFs had disappeared from the lung, whereas a significant number of crocidolite fibers still remained in the lungwas logarithmic rather than exponential suggesting a different mechanism of disappearance of this fiber characterized nearly 83% of crocidolite lung fibers §20 mm in length persisted through the year of recovery (Table 2) . by a more rapid initial disappearance of fibers which slowed
FIG. 2-Continued

The pattern of fiber disappearance was similar in all the maining in the lung after 365 days was greater for the shorter fibers than for the longer fibers ( Table 2) . Percentages of MMVF-exposed rat lungs: The longer fibers disappeared from the lung more rapidly than the shorter fibers (Figs. crocidolite fibers remaining in the lung after 365 days were much higher than MMVFs in all length categories and per-2A-2D; Table 2 ). The reverse was true for crocidolite: Crocidolite fibers ú5 mm disappeared much more slowly than centage retained increased with fiber length. It is interesting to note that an increase in the number of short fibers (õ5 crocidolite fibers õ5 mm and MMVFs ú5 mm ( Fig. 2E ; Table 2 ). Fiber disappearance half-times (Table 2) for the mm in length) was observed at early time points for MMVFs 21 and 22 (Figs. 2C and 2D ). MMVFs increased as fiber length decreased. In contrast, disappearance half-times for crocidolite increased with in-A few fibers were observed in the lungs of 14 of the 38 control animals. Due to the large multiplication factors creasing fiber length. The percentage of MMVF fibers re-involved, a value of 1-3 1 10 4 fibers/lung can be obtained been demonstrated previously by others (Morgan et al., 1980; Bernstein et al., 1995) . Morgan et al. (1980) demonfrom finding only one fiber in 200 SEM fields at 50001 magnification in the analysis of a single lung. Thus, the strated that alveolar deposition of fibers drops off rapidly with increasing diameter, which could explain why greater background level could represent fibers deposited on membranes as a result of inadvertent fiber contamination during lung burdens of the thin MMVF 11 were observed on Day 1 (Table 2) . Day-1 WHO fibers/lung values for MMVF 11 sample preparation and not fibers actually in the control animal's lungs. In two cases, noted in Table 2 , fiber/lung agree well with the findings of Bernstein et al. (1995) who studied this same fiber. The present lung burden data also levels did not significantly differ from background for those length categories.
agree well with the results of Musselman et al. (1994) who reported univariate data from this same exposure. Figures 3A and 3B demonstrate the changes in geometric mean dimensions of lung fibers over time. Although the averLung Clearance and Fiber Dimension age diameters and lengths of all MMVFs decreased with time in the lung, the average diameter of crocidolite remained unMMVFs vs crocidolite. Crocidolite was more biopersischanged and its average length appeared to increase. tent than the MMVFs in the rat lung. After 365 days postexposure, WHO fiber lung burdens in each MMVF group had
Chemical and Morphological Changes in Lung Fibers
decreased to 0-11% of Day-1 levels ( Table 2 ). In sharp Table 3 compares the oxide content of fibers from the contrast, crocidolite WHO fibers/lung dropped to 55% of aerosol to the content of fibers recovered from the lung 1 Day 1 after 365 days. In comparing the relative pulmonary hr and 91 and 365 days after termination of exposure. clearance of crocidolite to that of the MMVFs, two factors MMVFs 10, 11, and 22 all showed significant decreases in must be considered: (1) The number of WHO fibers/lung on alkali (Na 2 O) and alkaline earth oxides (MgO and/or CaO) Day 1 for crocidolite was an order of magnitude higher over time, while MMVF 21 and crocidolite showed no than that for MMVF; and (2) most of the crocidolite fibers change in chemical composition (Table 3) . With the more deposited in the lung were significantly shorter than the soluble MMVFs (MMVFs 10 and 22), losses of alkalis and MMVFs and may therefore have been cleared more effialkaline earth oxides in the lung environment were observed ciently (Morgan et al., 1978; Bellman et al., 1986 ; Roggli as early as 1 hr after exposure terminated. The MMVF 21 et al., 1987; Coin et al., 1992) . However, for long fibers fibers shown in Fig. 4A are typical of the morphology of (ú20 mm) a direct comparison between MMVF 11 and crothe other MMVF aerosolized fibers. Scanning electron mi-cidolite can be made due to the number of fibers/lung on crographs of MMVF fibers found in the lungs after 182 Day 1 (Day-1 lung burden of fibers ú20 mm was 9.7 1 10 6 days of recovery (Figs. 4B-4E) show changes in the surface for MMVF 11 and 9.5 1 10 6 for crocidolite). At 365 days morphology of the MMVFs with time in the lung. No only 0.2% of the long MMVF 11 fibers present on Day 1 changes in the morphology of crocidolite were observed remained in the lung, while 83% of the long crocidolite still (Fig. 4F) .
remained. Fiber length. There was a clear downward trend in the DISCUSSION mean length of MMVFs with increasing time in the lung; the greatest decrease in length occurred within the first 5 Lung Deposition and Fiber Dimension days (Fig. 3B) . The reduction in mean length for all MMVFs is consistent with the more rapid disappearance of fibers in The data from the present study support a conclusion that fiber dimension, especially diameter, plays a major role in the ú20-and ú10-mm categories compared to WHO (ú5 mm) fibers. The reduction in mean length of MMVFs in lung deposition. Most of the fibers deposited in the tracheobronchial airways are assumed to clear within the first day the lung could be the result of extracellular dissolution or breakage to shorter fibers followed by macrophage clearafter cessation of exposure (Lippmann, 1990) . Therefore, fibers recovered from the lung 1 day after exposure was ance, or a combination of these mechanisms. MMVF 22 exhibited the most rapid and the greatest reduction in length. terminated are assumed to be those deposited beyond the terminal bronchioles. As seen in Figs. 1A and 1B, the rat Considerable reduction in mean length also occurred in MMVF 21, which exhibited the least chemical change of deep lung preferentially selected shorter and thinner MMVF fibers from the aerosol (diameters less than 1.2 mm and the MMVFs. The length reduction in the two mineral wools could be explained by breakage of long fibers at sites of lengths less than 50 mm). In contrast to the MMVFs, the bivariate distribution of crocidolite in the lung was similar exposure to intracellular low pH environments of macrophages. Both Bellman et al. (1994) and Christensen et al. to that of the aerosol, presumably because the aerosolized crocidolite was already relatively short and thin.
(1994) showed similar fiber compositions to be more soluble both in vivo and in vitro than glass wools. Previous studies The role of fiber dimension in pulmonary deposition has ( Morgan et al., 1978; Bernstein et al., 1980; Roggli et al., reported for crocidolite by Roggli et al. (1987) . The biological translocation of shorter crocidolite fibers would be the 1987; Coin et al., 1992) have shown that shorter fibers are cleared by macrophages more rapidly than long fibers. Ham-predominate, if not only, mechanism responsible for the disappearance of this extremely durable fiber from the lung. mad (1984) saw an increase in the number of short refractory ceramic fibers after 30 days of recovery; however, it is unFiber diameter and durability. Whether the reduction in likely that dissolution of the longer fibers of this durable diameter seen in the MMVFs is the result of fiber dissolution composition was the cause of this observation. Bernstein et or selective clearance is not known. However, the data for al. (1995) reported a relatively constant reduction in length MMVF 22 suggest that chemical durability was at least of three MMVFs including MMVF 11 and attributed this partly responsible: MMVF 22, the least chemically durable observation to fiber breakage. In contrast to the MMVFs, fiber based on the EDS analysis, showed the most rapid and the average length of crocidolite increased between 5 and the greatest reduction in diameter (Fig. 3A) . This finding is 31 days (Fig. 3B) , which might be explained by selective in contrast to the observations of Bellman et al. (1987) who macrophage clearance of short crocidolite fibers without reported that the diameter and length of intratracheally instilled glass fibers (with the exception of E glass and rockbreakage or dissolution of long fibers. Similar findings were wool) increased or remained constant through 730 days of the 5-day exposure period (Table 3) . Hammad et al. (1988) postexposure recovery. Bellman et al. explained the increase reported a slower loss of CaO and MgO in a slag wool of in fiber dimensions during the first 6 months of recovery as a slightly different composition; however, that slag wool the result of more rapid clearance of shorter fibers, which fiber itself disappeared as rapidly as the slag wool in this also tended to be the finer diameter fibers. Also in contrast study. Significant reductions in Na 2 O, CaO, and MgO were to the present study, Morgan and Holmes (1984) reported seen in MMVF 10 by 91 days of recovery (Table 3) , sugno change in median diameter of intratracheally instilled gesting that the starting composition plays an important role rock wool. Yamato et al. (1994) demonstrated that the mean in mediating the change in fiber chemistry over time in the diameter of refractory ceramic fibers administered by inhala-lung. No compositional changes were observed in MMVF tion decreased with recovery time. Bernstein et al. (1995) 21 or crocidolite through 365 days (Table 3) . Because the reported no change in the diameter of MMVF 11 and two diameter of MMVF 21 decreased with time in the lung, it other MMVFs through 6 months of recovery following a 5-might be argued that this fiber was dissolving congruently, day inhalation exposure. This lack of change in diameter with little or no leaching of alkali or alkaline earth oxides. was attributed to buildup of a leached layer on the fiber Chemical durability in vivo has been related to the lack of surface, which, in turn, may have contributed to fiber break-leachable alkalis and alkaline earths by Hammad et al. age and reduction in length with time. Bellman et al. (1987 Bellman et al. ( ) (1988 , but in the present study, even though MMVF 21 had also reported no change in crocidolite diameter after 2 years higher levels of these oxides than the other MMVFs, it still in the lung, which agrees with the present work.
showed no evidence of leaching.
Changes in Fiber Chemistry and Morphology
The morphology of the fibers recovered from the lungs after 180 days correlates with the rate and degree of leaching observed MMVFs 10 and 22 showed significant losses of both alkali and alkaline earth oxides as early as 1 hr after the end of in the respective MMVFs. An apparent increase in diameter at the ends of many MMVF 10 and 11 fibers was observed by in contrast to the sharp ends of rock wool fibers recovered from lung tissue by Morgan and Holmes (1984) but in agreement SEM in addition to considerable etching of the surface (Fig. 4) . This observation of greater diameters at the glass fiber ends is with observations of Bellmanet al. (1987) for glass fibers. Based It is clear from this work and the work of others that glass, the MMVF 22 fibers was apparent (Fig. 4) . There was no evislag wool, and rock wool fibers disappear from the lung dence of morphological change in crocidolite, consistent with the lack of chemical compositional change in this fiber. more rapidly and completely than crocidolite asbestos. Ex-
FIG. 4-Continued
tracellular and/or intracellular dissolution leading to break-MMVF lung burdens (decrease in fibers/lung and alterations in composition and morphology) compared to little or no age appears to have been responsible for the more rapid disappearance of the longer MMVF fibers compared to the changes in crocidolite lung burden could provide a mechanistic basis to explain the differences in lung pathology obshorter fibers. The relatively large changes that occurred in
